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Tailoring 10-nm-scale Suspended Graphene Junctions and Quantum Dots 
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The possibility to make 10-nm-scale, and low-disorder, suspended graphene devices would open 
up many possibilities to study and make use of strongly coupled quantum electronics, quantum 
mechanics and optics. We present a versatile method, based on the electromigration of gold-on- 
graphene bow-tie bridges, to fabricate low-disorder suspended graphene junctions and quantum 
dots with lengths ranging from 6 nm up to 55 nm. We control the length of the junctions, and 
shape of their gold contacts by adjusting the power at which the electromigration process is allowed 
to avalanche. Using carefully engineered gold contacts and a non-uniform downward electrostatic 
force, we can controllably tear the width of suspended graphene channels from over 100 nm down 
to 27 nm. We demonstrate that this lateral confinement creates high-quality suspended quantum 
dots. This fabrication method could be extended to other two-dimensional materials. 


Graphene has very few intrinsic defects [l[ and, when 
suspended, its extrinsic bulk disorder can be annealed 
by Joule heating [21-14. In nanoscale graphene devices, 
both the electronic [bl-IlQjl and mechanical [iil [i3 de- 
grees of freedom can be quantized. Ultra-sm all grap hene 
devices have been fabricated on substrate [sl, ll0|, ll3| , but 
substrate disorder and fabrication residues affect their 
electronics and optics, while the clamping of the sub¬ 
strate restricts their mechanics. Ultra-small and low- 
disorder suspended graphene devices (SGDs) would be 
a very powerful platform to explore strongly interacting 
quantum electro-mechanics [ll|, ll2|, [ij, [l^ and electro¬ 


optics For example, ten-nanometer-scale SGDs 

would enable strain-engineering (up to > 10% strain) 
of ballistic Dirac fermion transport El IS Hi using 
a mechanical breakjunction method [2l|, [22|, allow the 
study of valleytronics [ 2 ^ and development of strain- 


nlleyi 

transistors [14 • Both the maximum operating frequency 


of graphene transistors 


and the responsivity of 


graphene photodetectors [16| increase in shorter devices 
with low disorder. Thus, ultra-small SGDs would be an 
ideal testin g pl atform to develop THz frequency graphene 
electronics , sensitive bolometers [isl, [13 optical 
modulators [ 23 . To the best of our knowledge, the short¬ 
est low-disorder on-substrate graphene channels studied 
so far were approximately 40 nm long [i^. On sub¬ 
strate 10-nm-scale graphene devices have been fabricated 
ElEllillil, but these devices were highly disordered. 
Currently, there is no established fabrication method to 
create 10-nm-scale SGDs with low disorder. Here, we 
report such a procedure. 


We show that using electromigration (EM), we can tai¬ 
lor the shape of suspended gold breakjunctions deposited 
on graphene without damaging the graphene. This allows 
us to make low-disorder SGDs whose channel lengths 
range from 6 to 55 nm, and resistivities are close 
to the ballistic limit. For a fixed breakjunction geom¬ 
etry, the power Psreak at which the EM is allowed to 
avalanche (i.e. no external feedback) controls the length 
of the SGDs. We also demonstrate that using a rela¬ 
tively elevated PBreak and asymmetric dc biasing (elec- 


(a) ■ 





FIG. 1: Fabrication of suspended gold-on-graphene 

breakj unctions, (a) Colorized SEM image showing gold con¬ 
tacts (yellow) connecting breakj unctions (dashed boxes) de¬ 
fined on a graphene crystal (purple). (b) Enlarged view of one 
bowtie-shaped breakjunction. The junctions are typically be¬ 
tween 100 and 150 nm wide at their center. A reactive ion 
etch was used to remove the graphene crystal everywhere ex¬ 
cept under the gold breakjunction. (c) Tilted-SEM image of a 
breakjunction after a wet Si 02 etch used to suspend the gold 
bridge, and a controlled gold electromigration which uncov¬ 
ered a nm-sized graphene channel. The graphene channel is 
not visible at this tilt angle, but similar channels can be seen 
in Figure 2. 


trie field), the EM produces highly asymmetric source 
and drain electrodes. We prepare needle-shaped source 
electrodes, and then apply a non-uniform downward elec¬ 
trostatic force to the suspended channels to tear them 
into very narrow channels (< 30 nm wide). The lateral 
confinement in such narrow channels creates a band gap 
liEi. We observe clear Coulomb blockaded electron 
transport at low temperature in these devices, demon¬ 
strating that they form suspended quantum dots (QDs). 
The QD area we extract from transport data matches 
the area of the suspended channel measured by SEM 
imaging, confirming that the EM procedure does not 
introduce bulk defects in the SGD. Electrostatic tear¬ 
ing of suspended graphene has been predicted to lead 
to atomically-ordered graphene edges [33| . Edge-ordered 
suspended graphene QDs would be of great interest as 
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FIG. 2: Low-power EM, length control of the suspended junc¬ 
tions. (a) I — Vb characteristics of the EM process for Device 
A, whose SEM image is shown in (b). The EM is done in two 
stages. In stage one (solid line), a feedback-controlled Vb is 
applied to gradually etch the junction (see text for details). 
This process can be stopped at any position on the I — Vb 
curve (red circle). In stage two, the junction is broken with 
a continuous Vb ramp (dashed data). The breaking power, 
PBreak (powcr at the red circle), controls the size and shape 
of the junction. When PBreak < 5 mW, the junctions are 
roughly symmetric. The breaking power for Device A was 
2.7 mW, and the created channel was ~ 6 nm long as shown 
in (b). (c) SEM image of Device B, whose breaking power 
was 4.5 mW and channel length 26 nm. (d) Length, L, 
versus PBreak PBreak < 5 mW dcviccs. The black cir¬ 

cles and red squares data are for devices electromigrated at 
T = 4.2 and 1.5 K respectively. The data show a roughly 
linear dependence on for L from 6 nm to 55 nm. (e) 

I — Vb transport data at 4.2 K in Devices A (red data) and B 
(black data). The curves are nearly linear as expected for low- 
disorder channels, (f) The dc resistivity, p, of the devices in 
(d) versus L. We expect the very short (L < 15 nm) channels 
to be significantly doped by charge transfer from the contacts 
[ 2 ^, [s^]. In the longer channels, p is close to the expected 
value for undoped ballistic graphene [3l|], po = . 


electro-mechanical qubits ini- Our SGD fabrication 
procedure is able to tailor both the length and width of 
10-nm scale low-disorder suspended graphene devices. It 
offers the potential to explore a wide range of graphene 
physics in both ballistic and tunneling transport devices, 
and should be extendable to other 2-dimensional materi¬ 
als (e.g. M 0 S 2 , WSe 2 ). 

Figure 1 shows colorized SEM images of the differ¬ 
ent fabrication stages we followed to make suspended 
gold-on-graphene breakjunctions. We start with heavily- 
doped Si wafers with a 300 nm-thick Si02 film on their 
top side. The Si substrate is used as a gate electrode. 
Figure la shows in purple a large graphene crystal exfo¬ 
liated on the Si02/Si substrate. We confirmed that our 
exfoliated crystals are single-layer by optical and Raman 
microscopy. On top of the graphene flakes, using e-beam 
lithography, we defined bow-tie shaped gold breakj unc¬ 
tions (40 nm thick Au, no adhesion layer) connected by 
large gold wires (3 /im wide). The dashed boxes in Figure 
la highlight the breakj unctions, one of which is enlarged 
in Figure lb. The junctions are 1 /rm long and are typ¬ 
ically 100 to 150 nm wide at their narrowest point. Af¬ 
ter fabricating the breakj unctions, we used an O 2 reac¬ 
tive ion etch to remove the graphene crystal everywhere 
except under the gold junctions. Next, we suspended 
the gold-on-graphene junctions by etching away the Si 02 
(^ 50 nm deep) underneath the junctions using a wet 
buffered oxide etch. The depth of the etch is adjusted 
to ensure that the breakj unctions are fully suspended. 
Figure Ic shows a suspended junction. The small gap at 
the center of the gold bridge was made during the final 
step of the fabrication. We used a feedback-controlled 
EM (described below) to open a nm-sized gap in the 
gold junction without damaging the graphene film under¬ 
neath. The graphene channel is not visible in tilted-SEM 
imaging, but similar channels are visible in Figure 2. 

Figure 2 describes the low power gold breakj unc¬ 
tion EM procedure we used to define 6 nm to 55 nm 
long graphene channels with nearly symmetric contacts. 
This procedure builds^ previous work on breakjunc- 

We previously de¬ 


tion electromigration [21|, [T 


scribed a related prodecure to create defect free ultra- 
short single-wall carbon nanotube transitors and QDs 
[ 3 ^ , and NEMS [13 • One key ingredient of our method is 
that gold EM takes place at a temperature of a few hun¬ 
dred degrees Celsius [HI (and the absence of a substrate 
limits the formation of hot spots [381). Coincidentally, 
this gold-EM temperature is perfectly suited to anneal 
adsorbed impurities on suspended graphene devices [3 
under high (cryogenic) vacuum. Yet, the EM tempera¬ 
ture is much too low to create defects in graphene [39| . 

Figure 2a shows the current versus bias voltage (/—Vb) 
trace during the gold EM of Device A. The resulting SGD 
is shown in Figure 2b. We used dc voltage biasing, with 
Vb applied to the source side of the junction while the 
drain side is grounded. The EM is typically done in two 
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stages. In stage one (solid data in Figure 2a), we grad¬ 
ually etch the gold junction to narrow it down. Vb is 
ramped up and the device’s resistance is monitored by a 
feedback control [35[. When the junction’s resistance in¬ 
creases (narrowing of the gold constriction) the feedback 
partially ramps down Vb to reduce the power dissipated 
in the junction and thus its etching rate [35|. This pro¬ 
cess of slightly ramping up and down Vb, to gradually 
increase the resistance of the junction, is repeated many 
times until the junction reaches some desired I — Vb po¬ 
sition (red circle in Figure 2a) which corresponds to a 
power PBreak = I X Vb- The inset of Figure 2a shows 
a zoom-in on the solid black trace, where the up and 
down voltage ramps are visible. Once the desired I — Vb 
position is reached, Vb is ramped back down to zero. 
During the second stage of the EM (dashed data in Fig¬ 
ure 2a) we apply a single continuous Vb ramp until the 
junction breaks, after which we rapidly ramp down the 
voltage. This final break happens very close to the last 
I — Vb position of stage one (red circle in Figure 2a), and 
thus permits us to break the junction with a prescribed 
PBreak ‘ For example, the junctions of Devices A and B 
in Figure 2b,c broke at PBreak = 2.7 mW and 4.5 mW 
respectively, and have channel lengths, L = 6 ± 3 nm 
and 26 ± 3 nm. 

All the junctions reported in Figure 2 were fabricated 
with PBreak < 3 mW, which yields nearly symmetric 
source and drain electrodes, and channels with a well- 
defined length. Such symmetric contacts mean that we 
can ascribe a well defined injection angle into the chan¬ 
nel to the charge carriers. This would permit quantita¬ 
tive studies of ballistic electron transport in ultra-short 
SGDsQ. The rate of gold EM is both dependent on 
temperature [m and the momentum transferred to gold 
atoms from the current flow [3^. To predict the depen¬ 
dence of L of the graphene junctions on PBreak would be 
complex as it depends on the gold EM rate, but also on 
the local thermal conductivity of gold and graphene, and 
the diffusion rate of gold on graphene. We observe empir¬ 
ically that L of the graphene channels we produce scales 
like PBreak ^ Constant cryostat T. Eigure 2d shows L, 
measured by SEM, of the SGDs fabricated at low power 
as a function of PBreak • dditdi in black circles and red 
squares are respectively for junctions which were electro- 
migrated at T = 4.2 and 1.5 K. We note that for a similar 
PBreak^ the juuctions broken at lower T are shorter. The 
scatter in the data is most likely explained by microscopic 
disorder in the gold film. Eigure 2e shows I — Vb trans¬ 
port data (all transport data reported in this study were 
taken at T = 4.2 K) in Devices A (red) and B (black). We 
note that the I — Vb trace for Device A is precisely linear, 
and the very small non-linearity for Device B may be due 
to lateral confinement. Both the shapes of these I — Vb 
traces and the value of their slopes {R~^ = dl/dVB) 
strongly suggest that the graphene channels do not have 


significant bulk disorder or doping. Eigure 2f displays 
the resistivity p = RxW/L ys. L for the samples in Eig¬ 
ure 2d. The measured p is close to the expected ballistic 
resistivity for undoped graphene [Sllii, po = uhlde^. 
This confirms that the EM anneals the adsorbed impuri¬ 
ties on the suspended graphene very effectively without 
damaging the crystal. The resistivities of the shortest 
devices (L < 15 nm) are smaller than po as expected, 
since in ultra-short channels the extrinsic charge doping 
from the gold contacts affects the entire length 

of the channel. We note that the universal value of po 
is only valid for truly ballistic transport which cannot 
be described by a diffusive Boltzmann approach 4^, 1^ . 
and in the limit of devices with a large aspect ratio |3lj 
W/L > A which roughly applies to all of the devices in 
Eigure 2f. The symmetric, low-disorder, and ultra-short 
SGDs presented in Eigure 2 are of interest to develop ex¬ 
tremely high frequency and sensitive NEMS 37|, 1^, l43 | 
and explore the ballistic transport of Dirac fermions in 
graphene [3, [2^. 

Eigure 3 shows that we can fabricate junctions with 
highly-asymmetric source and drain electrodes using a 
high-power EM {PBreak > 10 mW). We also demonstrate 
that using narrow source electrodes and a localized down¬ 
ward electrostatic force at the edge of these contacts, we 
can tear the SGDs into narrower channels. A higher EM 
power means a higher junction temperature and a much 
faster EM rate [35|. Gombined with dc biasing, which 
produces a unidirectional electron momentum transfer 
to the gold atoms, it allows us to control the gold elec¬ 
trodes’ asymmetry. When PBreak exceeds 10 mW, the 
created junctions are highly asymmetric as can be seen 
in Eigure 3a-e for Devices C, D, E, E, and G {PBreak = 
14, 12.1, 13.2, 18, and 14.4 mW). The source electrodes 
in Eigure 3 take a needle shape while the drain electrodes 
remains wider. Eor comparison, Eigure 2b,c show much 
more symmetric electrodes for Devices A and B whose 
PBreak wcrc 2.7 and 4.5 mW. Suspended graphene is vis¬ 
ible in Eigure 3a-e as the light grey contrast. We show 
raw SEM images in order to reveal the details of the 
shape and topography of the graphene channels. We ob¬ 
serve that the graphene channels were unperturbed by 
the gold EM in Eigure 3a,b and span the entire width of 
the original gold bow-tie junctions. On the other hand, in 
Eigure 3c-e the suspended channels were torn from their 
original width down to the width of their needle-shaped 
source electrodes. The channels were narrowed down by 
as much as a factor of 4 from the original breakjunctions’ 
width. 

We did not observe channel tearing in SGDs with L < 
15 nm. Such short channels require a low power EM and 
have rather symmetric electrodes (see Eigure 2), indicat¬ 
ing that the asymmetric shape of the electrodes plays an 
important role in the tearing process. Eigure 3f summa¬ 
rizes the occurrence of channel cutting in devices with 
L > 15 nm. In samples whose applied Vb exceeded 1.1 
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FIG. 3: High-power EM, asymmetric contacts and controlled 
tearing of suspended graphene, (a)-(e) SEM images of Devices 
C, D, E, E, and G respectively. These junctions were electro- 
migrated with high powers {PBreak = 14, 12.1, 13.2, 18, and 
14.4 mW), creating highly asymmetric gold contacts. In Eig- 
ure 3a,b the suspended graphene channels (light gray) were 
left untouched by the gold EM. On the other hand, in (c)-(e) 
the graphene channels were cut down to the width of their 
sharp source contacts. A Vb > 1.1 V was applied (during or 
after EM) to the channels which were torn, (f) Histogram 
of the devices with L > 15 nm, showing which samples had 
their channel cut or not. The devices to which the applied Vb 
exceeded 1.1 V had their channels cut, while we did not ob¬ 
serve any tear in devices whose Vb was kept below 1.1 V. (g) 
Diagram showing the proposed graphene tearing mechanism. 
We apply a non-uniform downward electrostatic force to the 
channel near the source electrode. A tear can nucleate from a 
defect at the edge of the flake, and be guided along the length 
of the channel by the clamping of the needle-shaped source 
electrode, (h) The method we use to tear graphene is very 
similar to the usual approach used to tear a sheet of paper. 


V, either during the last stage of the EM (dashed data 
in Figure 2a) or after the EM (additional Vb ramp), we 
observe that the channels are cut down to the width of 
the needle-shaped source electrodes (Figure 3c-e). The 
maximum bias, VB-maxi applied to Devices E, F, and 
G in Figure 3c-e were respectively 1.12, 1.22 and 2.0 V. 
When Vb was kept below 1.1 V at all steps of the prepa¬ 
ration and measurement of the samples, we did not ob¬ 
serve channel tearing in SEM imaging (Figure 3a,b). The 
specific value of the VB-max threshold is an empirical ob¬ 
servation, and is most likely dependent on the geometry 
of our breakjunctions. This graphene tearing capability 
allows us to create very narrow suspended devices, for 
instance Devices E, F, and G are respectively 44, 38 and 
27 nm wide. 

Figure 3g shows the mechanism we propose to explain 
the tearing of the suspended channels. It has been shown 
that a downward electrostatic force applied to suspended 
graphene can propagate a tear from a defect on the edge 
of the crystal[33|. Since our suspended graphene chan¬ 
nels were etched using reactive ion etching, their edges 
have a high density of defects. We showed in Figure 2 
that the suspended channels have nearly zero intrinsic 
doping, and thus the charge densities in the channels are 
directly dependent on the electrostatic potential. The 
biasing condition of our devices is such that Vb is ap¬ 
plied to the source electrode while both the drain and 
gate are grounded. This special configuration creates a 
non-uniform electric field and electrostatic force local¬ 
ized at the graphene near the source electrode (heavily 
doped by Vb > 1-1 V) pulling it toward both the gate 
and drain electrode (see Figure 3g). The force on the 
suspended graphene near the drain (ground) electrode 
is very small as its charge density is very small. The 
source electrode clamps down the graphene, and its nee¬ 
dle shape can guide the propagation of a tear along the 
channel’s length. Figure 3h shows that the geometry we 
use to tear our devices is very closely analogous to the 
approach usually taken to tear a sheet of paper. 

We comment on why this electrostatic tearing was 
not previously observed in experiments on suspended 
graphene. The most likely tearing direction of suspended 
graphene is along a wrinkle or bend in the crystal [33[. 
Such a wrinkle can be created by the clamping of the 
contact electrodes. In previous experiments , the 
contacts were rectangular and thus any tear would most 
likely have propagated perpendicularly to the channels 
and destroyed the suspended devices. The out-of-plane 
electrostatic force applied to the channels was uniform 
and due to a gate voltage Vg- In this configuration the 
force between the graphene and gate (substrate) is simi¬ 
lar to the force between the plates of a parallel plate ca¬ 
pacitor and scales as Vq. The Vg applied to suspended 
graphene has been limited to a few volts, specifically to 
avoid damaging the samples, and the calculated force due 
to such Vg was shown to be too small to propagate tears 
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(ssj. In our experiment, the out-of-plane electrostatic 
force is localized near the source electrode. This electrode 
has the appropriate geometry to guide a tear longitudi¬ 
nally along the channel. Finally, the magnitude of the 
force on the channel near the source is much larger than 
in a regular transport experiment (where Vb ^ niV does 
not significantly dope the channel). We can calculate an 
upper and lower bound estimate for the induced charge 
density in the graphene near the source when Vb = 1.1 V. 
An upper limit is to let the coupling between the source 
and channel to be ideal, and thus set the Fermi energy 
of the nearby graphene be 1.1 V. This corresponds to a 
density near the source of ^ 9 x 10^^ cm“^. A gate 
voltage of ^ 1800 V would be required to induce such 
a density. A lower limit for Ug can be extracted from 
the transport data for Device G, which will be discussed 
below in Figure 4b. After the tearing process (which 
can only reduce the coupling between the channel and 
source). Device G forms a QD and its transport data 
show well defined Goulomb diamonds. The slope of the 
downward Coulomb thresholds (dashed lines in Figure 
4b) give the ratio —CqICs^ i-e. the ratio of the channel- 
gate capacitance to the channel-source capacitance. We 
measure Cs ~ 140 Cg, and thus a 1.1 V applied to the 
source would dope the channel (near the source) by as 
much as Vq = 150 V. Using these two limits we can infer 
that Us in our devices is equivalent to at least the density 
induced by Vg ^ few 100s of volts. The resulting out-of- 
plane force, Fe oc risiVc — Vb), is equivalent to the force 
created by a Vg of at least a few 10s of volts, which is 
an order of magnitude larger than in most previous ex¬ 
periments. This is consistent with calculations showing 
that the force created by a Vg of a few 10s of volts could 
propagate a tear in suspended graphene [33| . 

The tailoring of SGDs into very narrow channels al¬ 
lows us to control the lateral confinement of charge car¬ 
riers and open band gaps in the suspended channels. 
This capability will be useful to engineer the energy dis¬ 
sipation in NEMS[l2| and the sensitivity of graphene 
photodetectors [l^ ^j. Moreover, electrostatic tearing 
of graphene is predicted to lead to atomically-ordered 
edges [331, which could open the door to detailed stud¬ 
ies of edge-ordered suspended graphene QDs. Figure 4a 
shows the maximum resistivity, pmax (extracted from p - 
Vg data as in Figure 4c), as a function of the width of the 
suspended channels, W, for the 6 samples we fabricated 
using electrostatic tearing. In graphene nanoribbons, a 
band gap forms between the valence and conduction band 
due to lateral confinement. The size of this band gap is 
inversely proportional to the width of the ribbon [sl, |32|, 
and in order for this lateral confinement to dominate 
transport, a device needs to have small aspect ratio WjL. 
At the interfaces between the torn (narrow) channel and 
the wider graphene under the gold, the bandgap gives 
rises to tunnel barriers [H. For devices with IF > 50 
nm, we find in Fig. 4a that pmax is very close to po, as 


we found previously (Figure 2f) for junctions which were 
not electrostatically torn. This indicates that the tear¬ 
ing process does not add substantial disorder to the bulk 
of the devices. For devices with VF < 50 nm in Fig¬ 
ure 4a, we note a clear increase of pmax as W decreases. 
The resistivities of our narrowest samples are lower than 
for lithographically defined QDs and ribbons of similar 
widths [sl, l32|, suggesting that they have a lower edge 
disorder. 

Figure 4b shows I — Vb transport data in Devices G 
(red data, IF = 27 nm) and H (black data, IF = 70 
nm). The data are linear for Device H, showing no sign 
of charge confinement. For the much narrower Device G, 
the I — Vb data are highly non-linear and show a clear 
Goulomb blockade. The strong connection between the 
width of our torn suspended ribbons and their transport 
characteristics is detailed in Figure 4c which shows the 
evolution of the conductivity, a vs. Fg in Device G (red 
data, IF = 27 nm). Device F (blue data, IF = 38 nm), 
and Device H (black data, IF = 70 nm). The applied 
Vb was 5 mV. While a of Device H is very weakly de¬ 
pendent on Fg and approximately equal to Gq = l/Po, 
both Devices F and G show much lower conductivity and 
large Goulomb oscillations, indicating that they behave 
as quantum dots. As expected, the overall conductivity 
of Device G (narrower) is lower, and shows larger oscil¬ 
lations, than for Device F (wider). 

Figure 4d shows dl/dVB — Vb — Vg data for Device G 
at T = 4.2 K. We observe the charge ground states of 
the QD as Goulomb diamonds (dashed lines) with a sin¬ 
gle set of positive and negative slopes as expected for a 
single QD. The diamonds in Figure 4d hint at a four-fold 
periodicity. The third diamonds are suppressed, which 
may indicate a Kondo resonance [i^. So far, periodicity 
in the shell filling structure and the Kondo effect have 
not been observed in lithographically defined graphene 
QDs 0 , but were seen in ultra-narrow nanoribbons with 
low edge-disorder made from un-zipped nanotnbesj45|. 
The energy needed to add an electron to the QD, A, 
corresponds to the half-height of the Goulomb diamonds 
times e, the electron’s charge. This addition energy has 
two components A = Eg + S, where Eg is the charging 
energy due to the total classical capacitance of the QD, 
and 6 is the quantum energy level spacing. In graphene 
QDs smaller than about 50 nm in size, S is expected to 
be of the same magnitude or larger than Eg [El, [sj, |46| , 
which is drastically different than in semiconducting QDs 
where Eg dominates. A four-fold or two-fold degener¬ 
acy of energy levels is expected in edge-ordered graphene 
QDs due to the spin and valley degeneracies [^. The 
taller diamonds in Figure 4d (labelled 1) are thus likely 
to correspond to the first electron added to an electronic 
shell, and the half-height of these diamonds is the sum of 
Eg and 6. The half-height of the other diamonds should 
correspond only to Eg as additional electrons (labelled 
2, 3, 4) are added to degenerate (or nearly degenerate) 
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levels. We note that the four-fold periodicity in the ad¬ 
dition energy is also visible in the a — Vq data in Figure 
3c for both Devices F and G. 

From Figure 4d, we extract Ec ~ 4 meV and 6^4 
meV in Device G. The theoretical values of 6 calculated 
from various theoretical model [i, [1, for a QD of the 
size of the suspended channel in Device G (Figure 3e, 
W = 27 nm and L = 40 nm) are consistent with (5^4 
meV. From the full-width of the Goulomb diamonds in 
Figure 4d, we measure the value of e/Cc where Cq ~ 
1.1 xl0“^^ F is the QD-to-gate capacitance. Modeling 
Cg as a parallel-plate capacitor, we extract from it a QD 
area, Atransport = 1500 ± 350 nm^ which matches well 
with the measured channel area in the SEM image of 
Figure 3e, Asem = 1300 ± 100 nm^, this is additional 
evidence that a single QD spans the entire suspended 
channel. This further confirms that our gold EM and 
electrostatic tearing procedures did not introduce bulk 
defects in the suspended channel. 

We demonstrated the capability to controllably tear 
the width of suspended graphene channels to tune their 
transport characteristics from the ballistic transport 
regime to the QD regime. In order to fully explore the 
structure and physics of suspended QDs made with this 
procedure, we will need to make even narrower devices, 
for instance by using narrower gold breakjunctions 50 
nm wide). The controlled cutting of suspended graphene 
channels into QDs, and possibly with ordered edges, of¬ 
fers exciting prospects for the development of spin qubits 
9|l and coherent electro-mechanical systems in graphene 
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In summary, we developed the capability to tailor 10- 
nm-scale suspended graphene junctions and quantum dot 
transistors. Using a low-power EM {PBreak < 5 mW), 
we demonstrated the capability to make symmetric and 
low-disorder SGDs, whose channel length varies between 
6 nm and 55 nm. We controlled their length by adjust¬ 
ing the power used during the gold EM. Eurthermore, we 
could engineer the shape of the gold contacts to create 
highly-asymmetric source and drain electrodes by using 
a higher gold-EM power {PBreak > 10 mW). Needled- 
shaped source electrodes and a non-uniform downward 
electrostatic force on the suspended graphene, allowed 
us to tear the channels along their length into very nar¬ 
row junctions (down to 27 nm). Using low-temperature 
electron transport in these narrow junctions, we showed 
that their charge transport can be tuned from the ballis¬ 
tic to the QD regime. These ultra-short SGDs constitute 
a powerful new platform to explore the physics and abdi¬ 
cations of ballistic transport [l4 , strain-engineering [20| , 
electro-mechanical coupling 111 113 , and ultra-high fre¬ 
quency NEMS [13, nil, . This work was supported by 
NSERG (Ganada), GEI (Ganada), and Goncordia Uni¬ 
versity. We acknowledge usage of the QNI (Quebec Nano 
Infrastructure) cleanroom network. 


FIG. 4: Electron transport in suspended QDs (T = 4.2 K). (a) 
The maximum resistivity, pmax, (from (c) and similar data) 
vs. the width, W, of the suspended channels for the six de¬ 
vices we fabricated by electrostatic tearing. We observe a 
steady increase in pmax when VF < 50 nm, which is consis¬ 
tent with low-disorder edges, and signals the onset of QD 
transport, (b) I — Vb transport data in Devices G (red data, 
W = 27 nm) and H (black data, VF = 70 nm), at Vg = 0. 
The data is linear for the Device H which shows no signs 
of charge confinement as expected. In much narrower de¬ 
vices, such as Device G, the I — Vb data is highly non-linear 
(Coulomb blockade), (c) Conductivity, a vs. Vg for Device G 
(red data, VF = 27 nm). Device F (blue data, VF = 38 nm), 
and Device H (black data, VF = 70 nm). The applied Vb was 
5 mV. While a of Device H is very weakly dependent on Vb, 
both Devices F and G show large Coulomb oscillations indi¬ 
cating that they behave as quantum dots, (d) Detailed charge 
transport dl / dVB — Vb — Vg data for Device G. From the half¬ 
height and full-width of its Coulomb diamonds (dashed lines) 
we extract a charging energy Eg ~ 4 meV, energy level spac¬ 
ing (5 4 meV, and gate capacitance Cg ~ IT xl0“^^ F. 

The area of the QD extracted from Cg closely matches the 
area of the suspended channel visible in Figure 3e, indicating 
that there is a single QD in the channel. 
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